Background and objectives Higher morning serum phosphorus has been associated with cardiovascular disease (CVD) in patients with or without CKD. In patients with CKD and a phosphorous level .4.6 mg/dl, the Kidney Disease Improving Global Outcomes guidelines recommend dietary phosphorus restriction. However, whether phosphorus restriction influences serum phosphorus concentrations and whether dietary phosphorus is itself associated with CVD or death are uncertain.
Introduction
The association of serum phosphorus concentrations with cardiovascular disease (CVD) events and death in ESRD is well established (1) . Similarly, in individuals with kidney function ranging from normal to moderate CKD, higher fasting morning serum phosphorus concentrations have been associated with arterial calcification (2, 3) , arterial stiffness (4) (5) (6) , and incident CVD events in some prior studies (7) (8) (9) . In 2009, the Kidney Disease Improving Global Outcomes (KDIGO) clinical practice guidelines recommended that serum phosphorus concentrations should be targeted to ,4.6 mg/dl in patients with CKD stage 3-5. In patients with higher serum phosphorus, dietary phosphorus restriction or use of oral phosphorus binders should be considered. These recommendations were based largely on expert opinion (10) .
Serum phosphorus concentrations increase in patients with ESRD who have greater dietary phosphorus intake (1, (11) (12) (13) ; however, whether a similar relationship extends to persons with earlier stages of CKD or to those with normal kidney function is uncertain. The residual kidney function may allow such individuals to respond to dietary phosphorus intake by excreting more phosphorus through the urine without significantly influencing the serum phosphorus concentration. Regulatory hormones may keep phosphorus concentrations at a specific serum concentration, independent of dietary intake. Studies published after the KDIGO recommendations support this hypothesis. Oral phosphorus binders markedly decrease urine phosphorus excretion (UPE), suggesting marked decreases in intestinal absorption, but have had little effect on serum phosphorus concentrations in CKD stage 3-4 (14-17) . Several large epidemiologic studies have detected weak or absent associations of phosphorus intake estimated by food-frequency questionnaires with serum phosphorus concentrations (4, 6, 18) ; however, the accuracy of these questionnaires for estimating phosphorus intake has been questioned (19) . To our knowledge, no study has evaluated whether greater dietary phosphorus intake is itself associated with CVD events or all-cause mortality.
Twenty-four-hour UPE provides a reliable estimate of intestinal phosphorus absorption and has been used as the preferred method to determine the effects of interventions on intestinal absorption in prior studies (14, 15, 20) . Here, we evaluated a relatively large cohort of community-living individuals with stable CVD and kidney ranging from normal function to moderate CKD who all provided 24-hour urine collections at baseline. We determined the relationship of 24-hour UPE with fasting morning serum phosphorus, calcium, parathyroid hormone (PTH), and fibroblast growth factor-23 (FGF-23) concentrations at baseline. Subsequently, we determined the relationships of 24-hour UPE with all-cause mortality and CVD events during 7.4 years of follow-up. A priori, we hypothesized that the relationship of 24-hour UPE with fasting morning serum phosphorus concentrations would be weak or absent and that 24-hour UPE would not be associated with mortality or CVD events.
Materials and Methods

Study Participants
The Heart and Soul Study is an observational study designed to investigate the relationship of psychosocial factors on the progression of CVD. Methods have been previously described (21) . Participants were recruited from outpatient clinics in the San Francisco Bay area in California if they met at least one of the following inclusion criteria: history of myocardial infarction (MI), angiographic evidence of .50% stenosis in one or more coronary vessels, evidence of exercise-induced ischemia with treadmill or nuclear testing, history of coronary revascularization, or documented diagnosis of coronary artery disease by an internist or cardiologist. Participants were excluded if they were unable to walk 1 block, had experienced an MI within the last 6 months, or were likely to relocate out of the area within 3 years. The study protocol was approved by the institutional review boards of participating institutions, and all participants provided written informed consent.
From September 2000 to December 2002, 1024 participants enrolled. The baseline visit included a medical history, physical examination, comprehensive health status questionnaire, 24-hour urine collection, and fasting (12-hour) morning venous blood samples. Participants were followed up for CVD events and death through May 2, 2012 . For the present analysis, we excluded 122 (13%) participants who did not have baseline urine samples for 24-hour UPE measurements, 13 (1%) for whom covariate data were missing, and 9 (1%) without available follow-up data after the baseline examination, resulting in a final sample size of 880 participants.
Measurements
Urine Phosphorus Excretion. The protocol used for timed urine collections has been previously described (22) . In brief, participants received detailed instructions on accurate urine collection and specimen refrigeration. Participants were asked to void at the end of their study appointment and to begin the collection from that point forward. To avoid overcollection, research personnel arrived at the patient's home 24 hours after the timed collection was initiated. Collections were repeated if participants reported missing the collection of any urine or if total collections were ,1 or .3 L. When participants were unable to collect all urine for any reason, no data were recorded. Urine volume was recorded (in ml) and mixed thoroughly, and 5-ml aliquots were stored at 280°C. Specimens were thawed and treated with 1 mol of hydrochloric acid per L, and urine phosphorus was measured using a Cobas 6000 analyzer (Roche Diagnostics). The lower limit of detection was 3.4 mg/dl, and the coefficient of variation was 1.4%-1.7%. We calculated UPE by multiplying urine phosphorus concentration (mg/dl) by total 24-hour urine volume (dl/d).
Cardiovascular Events and Mortality. From the baseline examination to May 2, 2012, participants (or their proxies) were contacted annually for telephone interviews that inquired about hospitalizations, cardiac procedures, or death. Two independent, blinded adjudicators reviewed all events, medical records, electrocardiography results, death certificates, and coroner's reports and adjudicated events against prespecified criteria, as described previously (22) . In the event of disagreement, the adjudicators conferred, reconsidered their classification, and requested consultation from a third blinded adjudicator, as necessary.
We considered the composite of MI, stroke, or CVD death as a CVD event. MI was defined by cardiac biomarkers, electrocardiography results, and cardiac symptoms or signs according to the American Heart Association criteria (23) . We defined stroke as a new neurologic deficit not secondary to brain trauma, tumor, infection, or other cause. CVD mortality was determined by death certificates and coroner's reports. All-cause mortality was determined by review of death certificates.
Other Measurements. Patient demographic characteristics and comorbid diseases were determined by questionnaires. Weight and height were measured in participants wearing light clothing and no shoes. Body mass index (BMI) was calculated (kg/m 2 ). We measured serum total cholesterol, HDL cholesterol, calcium, and phosphorus concentrations using standard clinical chemistry analyzers. Plasma FGF-23 concentrations were measured using a C-terminal human ELISA. Plasma PTH concentrations were measured using the Roche PTH immunoassay on an Elecsys E170 automated analyzer. The lower limit of detection was 6 pg/ml; coefficients of variation were 1.8% at a concentration of 167 pg/ml and 3.0% at 30 pg/ml. Serum cystatin C concentrations were measured with a particle-enhanced immunonephelometric assay, described previously (N Latex Cystatin-C, Dade Behring, Inc., Deerfield, IL), and were used to calculate estimated glomerular filtration rate (eGFR) with the following validated formula (24):
High-sensitivity C-reactive protein was measured with the Roche (Indianapolis, IN) or the Beckman Extended Range (Galway, Ireland) assays (25) . In the 24-hour urine samples, we measured urine creatinine concentrations using the rate Jaffe method and urine albumin using nephelometry. Urine albumin-to-creatinine ratio was calculated (mg/g).
Statistical Analyses
We grouped participants into tertiles based on 24-hour UPE measurement. We compared baseline characteristics across tertiles by ANOVA or Kruskal-Wallis tests for continuous variables and the chi-squared test for categorical variables, as appropriate. Next, we used linear regression to evaluate the cross-sectional association of 24-hour UPE with serum phosphorus, calcium, PTH, and FGF-23, each adjusted for age, sex, race, and eGFR (PTH and FGF-23 were logtransformed because of skewed distributions). Subsequently, geometric mean concentrations and associated 95% confidence intervals (CIs) of each marker were calculated. Next, we used Cox proportional hazards models to evaluate the associations of 24-hour UPE with CVD events and death. Models were initially evaluated by UPE tertiles, and when these were observed to be fairly linear across tertiles, we evaluated UPE as a continuous predictor variable. We developed a sequence of models. The initial model was unadjusted. A subsequent model adjusted for age, sex, estrogen use in women, race, and eGFR. A final model additionally adjusted for CVD risk factors (diabetes, hypertension, smoking, BMI, total cholesterol, HDL, and C-reactive protein), and urine calcium excretion.
Because the KDIGO guidelines recommend dietary phosphorus restriction in individuals with CKD specifically, we evaluated multiplicative interactions in the associations of UPE with CVD events and mortality by CKD status (eGFR , 60 ml/min per 1.73 m 2 versus higher). We developed nested models with and without a multiplicative interaction term (UPE [continuous] 3 CKD [binary]). Statistical significance was determined by the likelihood ratio test.
To determine whether any association between UPE and CVD events or mortality may be biased because of incomplete urine collections in patients with low UPE, we performed a sensitivity analysis by excluding participants whose 24-hour urine measured creatinine clearance was .30% different from their estimated creatinine clearance by the Cockcroft-Gault equation (26) . This approach takes advantage of the fact that Cockcroft-Gault-estimated creatinine clearance relies only on serum creatinine concentration and demographic variables and is therefore not influenced by the accuracy of the 24-hour urine collection, whereas measured creatinine clearance depends on the accuracy of this collection. Thus, when discordant, the 24-hour urine collection is more likely to have been underor overcollected.
All analyses were conducted using Stata software, version 11 (Stata Corp., College Station, TX). P values ,0.05 were considered to represent statistically significant differences for all analyses, including interaction terms.
Results
Among the 880 study participants, the mean 6 SD for age was 67611 years, 18% were female, 61% were white, and the mean 6 SD eGFR was 71622 ml/min per 1.73 m 2 . The mean 6 SD value for 24-hour UPE was 6676309 mg/d, and the mean serum phosphorus was 3.760.6 mg/dl. Mean 24-hour urine creatinine excretion rate was 12006413 mg/d. During the median follow-up of 7.4 years, 340 patients died and 221 CVD events occurred.
Baseline characteristics by tertiles of 24-hour UPE are shown in Table 1 . Compared with participants with lower UPE, those in the highest tertile were younger; were more frequently male and white; and had higher BMI, higher eGFR, and lower urine albumin-to-creatinine ratio. Serum phosphorus, calcium, and FGF-23 concentrations were similar across UPE tertiles, whereas participants in the highest tertile had lower serum PTH concentrations and higher 24-hour urine calcium excretion in unadjusted analysis.
We observed no significant correlation between 24-hour UPE and fasting morning serum phosphorus concentrations when UPE was evaluated as a continuous variable (Pearson r=0.03; P=0.40) (Figure 1 ). With adjustment for age, sex, and eGFR, a modest direct association was revealed; however, the association did not reach statistical significance. Each 300-mg greater UPE (approximately 1 SD higher) was associated with a 0.034 mg/dl (95% CI, 20.002 to 0.072 mg/dl; P=0.07) higher serum phosphorus concentration ( Table 2 ). This association was similar among the 269 participants with CKD, where each 300-mg greater UPE was associated with a 0.07-mg/dl (95% CI, 20.01 to 0.14 mg/dl; P=0.08) higher serum phosphorus concentration. The inverse association between 24-hour UPE and PTH observed in unadjusted analysis in Table 1 was attenuated with adjustment for eGFR. The association of 24-hour UPE with urine calcium excretion remained strong in adjusted analysis. No relationship was observed between 24-hour UPE and serum calcium or FGF-23 concentrations.
We next evaluated the association of 24-hour UPE with all-cause mortality. In unadjusted analysis, participants in the highest UPE tertile were at 44% lower risk of death compared with those in the lowest tertile, and each 300 mg higher UPE was associated with an approximately 20% lower mortality risk (Table 3 ). However, with adjustment for age, sex, race, oral estrogen use (in women), and eGFR, this association was attenuated and rendered no longer statistically significant. Age adjustment was responsible for most of the attenuation. Results were similar in individuals with and without CKD (P interaction = 0.95) (Supplemental Table 1 ).
Next, we explored the association of 24-hour UPE with CVD events (Table 4 ) and observed that individuals with 24-hour UPE in the highest tertile were at lower risk for CVD events than those in lower UPE tertiles (Figure 2) . The inverse association remained statistically significant throughout the sequence of models, such that in the fully adjusted model, participants in the highest UPE tertile were at 30% lower CVD risk compared with those in the lowest tertile, and each 300 mg/d higher UPE was associated with a 17% lower risk for CVD events. This relationship was again similar irrespective of CKD status (P interaction = 0.87 (Supplemental Table 1 ).
Individuals who may have undercollected 24-hour urine would have lower 24-hour UPE, which could introduce systematic bias. To explore this possibility, we conducted a sensitivity analysis limited to individuals whose CockcroftGault-estimated creatinine clearance (derived from serum creatinine and demographic characteristics and body weight only) and measured creatinine clearance (derived from 24-hour urine collection) were concordant. Specifically, we excluded the subset of individuals whose 24-hour creatinine clearance was 30% greater (n=77) or less (n=150) than their Cockcroft-Gault-estimated creatinine clearance. The remaining 653 individuals (74%) were included in the sensitivity analysis. Results were similar within this subgroup. In the fully adjusted model, each 300 mg/d greater UPE was associated with a 9% lower death risk and 18% lower CVD event risk (Supplemental Table 2 ).
Last, we explored the association of serum phosphorus with mortality and CVD events. For the association with mortality, the relationship appeared nonlinear. In a model adjusted for demographic characteristics, increased risk was observed among persons with serum phosphorus concentrations .4.5 mg/dl. These individuals were at approximately two-fold greater risk for death; however, power was limited, with only 28 deaths in this group (Table 5). With additional adjustment for eGFR, the nature of the relationship across phosphorus categories persisted but was attenuated and rendered no longer statistically significant. The nature of the relationship was also similar for CVD events, yet only 20 events occurred in the .4.5 mg/dl category, and the association was not statistically significant in a demographic characteristic-adjusted model or one in which eGFR was additionally included.
Discussion
The KDIGO international clinical practice guidelines recommend targeting serum phosphorus concentrations within the normal laboratory range in CKD stage 3-5. If serum phosphorus is higher, dietary phosphorus restriction with or without oral phosphorus binders is recommended (10). Yet, little evidence links dietary phosphorus intake with serum phosphorus concentrations in non-ESRD settings, and to our knowledge no data link greater dietary phosphorus intake with adverse clinical outcomes. Using 24-hour UPE as a marker of intestinal phosphorus absorption, we found a very modest trend between UPE and fasting morning serum phosphorus concentrations that did not reach statistical significance. Similarly, UPE was not associated with other mineral markers (FGF-23, PTH, and calcium) previously linked with CVD events. Last, greater 24-hour UPE was associated with lower, rather than higher, risk for CVD events. If confirmed, these findings may have important implications for clinical management of mineral metabolism in the general population and in persons with CKD. 3-5 (10) . Since then, several intervention studies have found little or no effect of dietary phosphorus restriction on fasting morning serum phosphorus concentrations. Isakova and colleagues randomly assigned 16 patients with CKD stage 3-4 to a diet containing 1500 mg or 750 mg of dietary phosphorus for 2 weeks. Although the expected marked decline in 24-hour UPE occurred during the low-phosphorus diet, serum phosphorus concentrations did not change with either diet (15) . Sigrist et al. conducted a randomized crossover study among 18 patients with CKD stage 3-4 and 10 healthy controls evaluating a high-phosphorus diet, a lowphosphorus diet, and a low-phosphorus diet plus oral phosphorus binders. Despite a .50% reduction in UPE in the group receiving a low-phosphorus diet plus binder intervention compared with the group receiving the highphosphorus diet, no statistically significant differences in serum phosphorus concentrations was observed (17). Block et al. recently randomly assigned 148 patients with stage 3-4 CKD to high doses of oral phosphorus binders or to placebo for 9 months. The group randomly assigned to binders had marked reductions in 24-hour UPE, whereas 24-hour UPE did not change in the placebo group. Serum phosphorus concentrations were only 0.2 mg/dl lower, on average, in the binder group than in the placebo group at the end of the study (14) . Similar findings have been reported by others (15, 16) . Here, we extend these findings to a larger communityliving population who were consuming their regular diets. Among 880 participants with kidney function ranging from normal to moderate CKD, we observed that 300 mg/d greater UPE (approximately 1 SD higher) was associated with only 0.03 mg/dl higher serum phosphorus concentration; this association approached but did not reach statistical significance despite the large sample size (P=0.07). Collectively, these data demonstrate that dietary phosphorus intake is unlikely to be a major determinant of fasting morning serum phosphorus concentrations in non-ESRD settings.
Our study, and the studies summarized above, all evaluated fasting morning serum phosphorus concentrations. Other studies have found that large dietary phosphorus loads can increase serum phosphorus concentrations shortly after a meal (27, 28) and that phosphorus concentrations have diurnal variations, with the highest levels in the afternoon (20, 29) . In light of these findings, it is important to recognize that studies linking serum phosphorus concentrations with CVD events or death have evaluated fasting morning concentrations (7) (8) (9) . Whether postprandial or afternoon phosphorus concentrations are associated with similar outcomes is unknown. Thus, if the intent of phosphorus-lowering interventions is to prevent CVD, then, on the basis of the available data, such therapies should decrease fasting morning serum phosphorus concentrations. Alternatively, if therapies influence only postprandial phosphorus concentrations, then additional studies are needed to establish whether postprandial phosphorus concentrations are associated with CVD events. To our knowledge, no such studies exist. Moreover, if 24-hour intestinal phosphorus absorption provides a more comprehensive marker of phosphorus exposure than a one-time measurement of serum phosphorus, then it too should be associated with CVD risk. To our knowledge, we are the first to evaluate the relationship of 24-hour UPE with CVD events.
Participants in our study with the highest 24-hour UPE were at lower, rather than higher, risk for CVD events. The point estimate was in the same direction for all-cause mortality, although the association did not reach statistical significance. Results of prior studies evaluating subclinical markers of CVD support these findings. In the aforementioned randomized trial of oral phosphorus binders in CKD stage 3-4, the active treatment group had substantial reductions in 24-hour UPE but greater progression of coronary artery calcification compared with the placebo group during the 9-month intervention (14) . Our findings suggest that dietary phosphorus intake is not associated with a higher risk for death or CVD events. Moreover, it is possible that recommendations to decrease dietary phosphorus intake may cause harm. The primary source of dietary phosphorus is protein intake. In controlled research settings, it is possible to decrease dietary phosphorus intake while maintaining protein intake (17) ; however, this is difficult to achieve even in research settings, and recommendations to limit phosphorus intake in clinical practice will almost certainly lead to lower protein intake as well. The Modification of Diet in Renal Disease study was a randomized clinical trial evaluating dietary protein restriction in patients with CKD stage 3-4 (30). The low-protein intervention was associated with higher all-cause mortality in long-term follow-up, which was hypothesized to reflect consequences of skeletal muscle loss and malnutrition (31) . Our data show similar findings evaluating phosphorus rather than protein because low 24-hour UPE was associated with higher CVD event rates, independent of kidney function and traditional CVD risk factors.
It is important to note that higher serum phosphorus concentrations were not independently associated with mortality or CVD events in our cohort. It is likely that the absence of statistically significant associations reported here reflects weak statistical power. We had few individuals with phosphorus levels .4.5mg/dl where the risk was increased, and few numbers of events occurred among them. Although not statistically significant, the point estimates for the hazard ratios reported here are similar to that reported in other community-living cohorts, and prior studies reporting statistically significant results between serum phosphorus and either mortality or CVD events had larger sample sizes and much longer follow-up time than those available in our study (7, 8) . Alternatively, it is possible that differences in study design may have led to the lack of statistically significant associations here. One important characteristic of our study sample was the requirement for prevalent CVD for inclusion. However, prior studies in populations with prevalent CVD have reported significant associations of serum phosphorus with all-cause mortality and CVD (9) . Nonetheless, the lack of association of serum phosphorus with CVD events observed here raises the possibility that the relationship of 24-hour UPE with events may also differ in other settings. Thus, future studies with 24-hour UPE measurements in other settings are required to confirm our results before they are used to change clinical practice or policy.
Strengths of this study include the availability of 24-hour urine collections in a large study sample of outpatients consuming their regular diets, concurrent availability of multiple other markers of mineral metabolism, and adjudication of CVD events. The study also has important limitations. We lack data on total caloric intake, dietary sources of phosphorus, protein, or other nutrients, and urine measures of urea and sodium. We could not fully adjust for factors associated with malnutrition or inflammation. It is possible that plant versus animal sources of phosphorus, or naturally occurring phosphorus versus phosphorus additives may have different bioavailability, which may affect serum phosphorus and other markers of mineral metabolism differently (28, 32) . The relationships of 24-hour UPE with postprandial phosphorus and at different time points throughout the day remain unknown. The majority of study participants were men, all had stable CVD, and few had advanced CKD. Whether our results extend to other populations is unknown. Only a single 24-hour urine sample was collected.
In conclusion, in community-living individuals with a spectrum of kidney function ranging from normal to moderate CKD, 24-hour UPE was not significantly associated with fasting morning serum phosphorus concentrations or other markers of mineral metabolism. Individuals with greater 24-hour UPE had a lower risk for CVD events. In conjunction with prior studies, these findings demonstrate that dietary phosphorus intake is unlikely to be a major determinant of fasting serum phosphorus concentrations. Because higher fasting morning serum phosphorus concentrations have been associated with CVD events and all-cause mortality in other studies (7) (8) (9) , future studies are needed to identify factors other than diet that might influence serum phosphorus in normal kidney function to moderate CKD. If our results are confirmed, dietary phosphorus restriction may not be an effective strategy to decrease fasting serum phosphorus concentrations and may therefore not meaningfully reduce CVD events.
